Abstract. We present an experimental study of the dynamics of rapid tensile fracture in brittle amorphous materials. We first compare the dynamic behavior of "standard" brittle materials (e.g. glass) with the corresponding features observed in "model" materials, polyacrylamide gels, in which the relevant sound speeds can be reduced by 2-3 orders of magnitude. The results of this comparison indicate universality in many aspects of dynamic fracture in which these highly different types of materials exhibit identical behavior. Observed characteristic features include the existence of a critical velocity beyond which frustrated crack branching occurs 1, 2 and the profile of the micro-branches formed. We then go on to examine the behavior of the leading edge of the propagating crack, when this 1D "crack front" is locally perturbed by either an externally introduced inclusion or, dynamically, by the generation of a micro-branch. Comparison of the behavior of the excited fronts in both gels and in soda-lime glass reveals that, once again, many aspects of the dynamics of these excited fronts in both materials are identical. These include both the appearance and character of crack front inertia and the generation of "Front Waves", which are coherent localized waves 3-6 which propagate along the crack front. Crack front inertia is embodied by the appearance of a "memory" of the crack front 7, 8 , which is absent in standard 2D descriptions of fracture. The universality of these unexpected inertial effects suggests that a qualitatively new 3D description of the fracture process is needed, when the translational invariance of an unperturbed crack front is broken.
INTRODUCTION
The study of dynamic fracture is a subject that has been under intensive study for over 50 years. This subject is not only of practical interest, but is of considerable fundamental interest. The existence of even a single small crack in a material under stress gives rise to a significant decrease in the material's strength. This reduction in strength, predicted by linear elasticity, is due to singular behavior of the stress field at the tip of a crack. Each component of the stress field behaves as r -1/2 , in the near vicinity of the crack tip, where r is the distance from the tip.
One can, therefore, view a crack as a rapidly propagating singularity, whose speed of propagation is on the order of the speed of infor mation (acoustic velocities) within the surrounding material. Thus, understanding the dynamic behavior of a moving crack may shed light on the physics of a large family of nonlinear problems, which are typified by propagating singular fronts.
There are a number of important and still open problems related to the study of dynamic fracture. Experiments have shown 9 that as long as the fracture process is described by a single propagating crack, the equation of motion for a dynamic crack, derived by balancing the energy flow into a crack's tip with the dissipative processes contained within the near-tip region 10, 11 , provides an excellent quantitative description of a crack's motion. This successful description of a crack's dynamics has two "formal" conditions. The first (the assumption of "small-scale yielding") is that all dissipative processes are contained within a small region surrounding the crack tip, coined the process zone, which itself is surrounded by the singular stress field mentioned above. The second condition is tha t the medium in which the crack is propagating is effectively two-dimensional (i.e. that a crack can be viewed as a branch cut whose tip is point-like).
The micro-branching instability. Beyond a critical velocity, v c , a single crack bifurcates to an ensemble of cracks consisting of the main crack surrounded by small microscopic branched cracks. Shown are typical photographs in PMMA of both the main crack (the center line within each photograph) surrounded by micro-branches where the crack (propagating from left to right in the X direction) is moving at velocities less than v c (top) , slightly greater than v c (second frame) and at velocities considerably greater than v c (third and fourth frames). Note that the micro-branches propagate in the Y direction away from the main fracture plane (XZ plane), and are therefore observed below the fracture surface.
In this paper we would like to touch on two aspects of fracture that go beyond this single crack description. One of these problems is related to the fundamental instability of a single crack 1, 12 . Experiments have shown that beyond a critical velocity, vc, a single crack will undergo an instability, bifurcating from a single crack to an ensemble of frustrated microscopic branched cracks ("micro-branches"). The micro-branches surrounding the main crack, as shown in Figure 1 , increase both in length and density as the velocity, v, of the crack increases. One aim of this paper is to explore the degree of universality inherent in this instability.
A second goal of the work described below is to examine the consequences of the assumption that a crack can be considered a singular point propagating through a 2D medium. This assumption can be considered to be perfectly valid as long as the tip of the crack exhibits translational invariance along the Z direction (The Z direction is defined as that parallel to the sample thickness, as defined in Figure 1 ). Once this translational invariance is broken, the effective two-dimensionality of the material is lost. When this occurs, recent theories 3, 4, 13 have shown that localized waves, called Front Waves, will be generated by any perturbation that is localized in the Z direction. These waves are predicted to propagate along the one-dimensional front, which is defined by the leading edge of the crack. Their velocity, relative to the material, is predicted to be approximately the Rayleigh wave speed, V R .
Such localized waves have recently been observed in experiments in glass 6, 7 . These waves, whose propagation velocity is indeed near V R , both give rise to localized velocity fluctuations, as theoretically predicted, and leave well-defined tracks along the fracture surface. They are generated by both externally induced perturbations to the material as well as by micro-branch formation.
Surprisingly, the experimentally observed front waves were seen to give rise to a qualitative change in fracture dynamics 7 . The 2D description of fracture predicts 11 that a dynamic crack has no inertia. Thus, like a massless particle, any instantaneous change in either the energy flux driving a crack or the energy cost needed to create a unit surface (defined as the material's fracture energy, Γ), will generate an instantaneous corresponding change in the crack's velocity. Cracks described by the 2D theory retain no "memory" of their prior history. Recently, clear inertial effects were experimentally observed when the effective 2D character of a material was broken. This occurred in glass as a result of the interaction between a crack and either a localized perturbation of Γ or micro-branch initiation. Here, we intend to examine the generality of these inertial effects.
EXPERIMENTAL SYSTEM
Our experiments were performed on a number of different polyacrylamide gels, whose chemical composition was varied to control their material properties. Polyacrylamide gels are widely used in biological applications (e.g electrophoresis). They consist of cross-linked polymer chains immersed in an aqueous solution. Both the molecular weight of the chains together with the concentration of cross-linking molecules determine the material properties of these gels [14] [15] . Our motivation in these experiments is two-fold. The effects that we shall examine here have been quantitatively measured in either a single material or, at most, two different materials. Gels are materials with elastic properties which are substantially different than "classic" brittle materials, such as brittle acrylics or glasses. If the fracture dynamics in these qualitatively different materials are entirely reproduced, we may safely claim that the observed effects are indeed universal properties of brittle fracture.
Although our primary motivation is in probing the universal nature of brittle fracture, our secondary motivation is to develop an experimental system in which we can overcome experimental limitations that impede our ability to go beyond the technical barriers that are imposed by the relatively high crack propagation velocities characteristic of "standard" laboratory materials. In standard materials the propagation of rapid cracks is on the order of the Rayleigh wave speed, V R , which is generally quite high (e.g. 3340 m/s in glasses). Thus, the quantitative study of dynamic fracture processes has been, in general, limited by the fact that all diagnostics and measurements must be extremely rapid. In addition, since the fracture properties of a given material are largely determined by the form of the stress field surrounding the crack's tip (e.g. by the nature of the process zone), we are faced with the problem of visualizing small regions surrounding the crack tip at high spatial resolution and at µsec time scales.
These technical problems can be largely circumvented by conducting experiments using polyacrylamide gels. As we show in Table 1 , it is possible to reduce the elastic constants in gels by 4-5 orders of magnitude, relative to standard brittle materials. This leads to a corresponding reduction of 2-3 orders of magnitude of the Rayleigh wave speeds. By slowing down the fracture process to speeds amenable for study by means of fast video cameras, the use of these gels will enable us to study fracture dynamics with unprecedented spatial and temporal resolution.
The experimental system is schematically shown in Figure 2 . In the experiments described here we used two different gels, whose compositions and mechanical properties are summarized in Table 1 . The dimensions of the samples varied, but were typically 200mm x 200 mm x 2mm (in Gel 1) and 40mm x 50 mm x 0.5mm (in Gel 2), respectively, in the X, Y and Z directions. The samples were fractured in pure tension (Mode I fracture). Loading of the samples was performed by applying a constant displacement of the vertical (Y) boundaries by means of a translational stage. The opposing boundary of the gel sample was mounted via a frictionless air bearing to a load cell, which continuously monitored the applied stress. Salt was added to the gel compositions to render them electrically conductive. During crack propagation, the potential drop across the samples was monitored via an AC bridge, driven at 1 MHz, and demodulated by a Matec 605 analog demodulator. Both the direct demodulated signals and their analog derivatives were sampled at 20MHz and 12bit resolution. For each gel geometry and composition, calibration of sample resistance as a function of the crack length was first performed using static cracks. Using this calibration, we were able to determine the instantaneous position and velocity of propagating cracks to high precision.
FIGURE 2: Schematic diagrams of (a) the loading apparatus and (b) the visualization system used in our experiments.
The propagating cracks were visualized by means of the system schematically shown in Figure 2b . Stroboscopic illumination of the sample was performed by an array of ultra-bright LED's. Each illuminating pulse had a 5 µsec duration and was synchronized with the fast CMOS imaging sensor mounted above the sample. The CMOS sensor (VDS CMC1300) could be operated at frame rates of 500·N with a spatial resolution of 1280 x 1024/N pixels, where integers in the range 1< N< 512 could be used. To further increase the temporal resolution of our imaging, each frame could be exposed multiple times. Typically, visualization was performed in Gel 1 at 5000 frames/sec using 5 evenly spaced exposures per frame. In the slower gels (Gel 2) a frame rate of 2500 frames/sec with 2 exposures per frame was used. These settings were sufficient to enable us to photograph the propagating crack at spatial intervals of 0.2-0.5 mm between exposures. Let us first consider the dynamic behavior of a single crack. Figure 3 presents a comparison of the dynamic behavior of accelerating cracks in both gels and glass. The similarity of the dynamics in these two typical experiments is evident. In both materials, cracks rapidly and smoothly accelerate until arriving at a critical velocity of about 0.4V R . Beyond this velocity, which corresponds to the first observed microbranches in both materials, rapid fluctuations of the crack tip velocities take place.
In Figure 4 we take a closer look at the functional form of typical micro-branch profiles in three different materials; soda -lime glass, PMMA and gels (of type Gel 1). As seen in Figure 5 , micro-branches do not generally extend over the entire thickness (Z direction) of the samples 5 . The two-dimensional p rofiles presented in Figure 4 correspond to the largest projections of the curved spoon-like branches on the XY plane, and are a good characterization of the branched fractures in all three materials. We see that micro-branches in all of these three highly different materials have a nearly identical functional form which corresponds to Y~X 0.7 , where Y is the distance normal to the fracture plane and X is the distance along the propagation direction. In both gels (of type Gel 1) (a) and glass (b) The spacing, ∆X, between successive micro-branches scales with their width, ∆Z. The scaling is identical in both materials and the ratio ∆X/∆Ζ is indicated in (a) and (b) . Surprisingly, even the distribution of this ratio (c) is nearly identical in gels (squares) and glass (circles). The alignment of micro-branches is indicative of the acquisition of inertia by the moving crack once the translational invariance along the Z direction is broken by a (localized in Z) microbranching event.
The localization of micro-branches in the Z direction, in both gels and glass, is demonstrated in Figure 5 . In both of these materials micro-branches are not randomly distributed along the fracture surface. As schematically shown in the left panel of Figure 5 , once an initial micro-branch is formed, subsequent micro-branches are generated ahead of the first along the direction of propagation. In this way, chains of successive micro-branches ("branch-lines"), which are aligned in the X direction, are formed.
Let us now consider the structure of these directed branch-lines. A close look at these lines (Figure 5a and 5b top panel) reveals that the micro-branches within each branch-line form discrete arrays in the propagation direction. If we now analyze the distance ∆X between consecutive micro-branches, we find that this distance scales roughly with their width ∆Z. The ratio ∆X/ ∆Z in both materials is roughly constant, and equal to 4 ± 1. In glass, this ratio extends for over 3 orders of magnitude of scales, from the entire width of the sample to the resolution (3-4 µm) of our measurements. In gels, however, while the upper limit of this range is bounded by the width of our samples, the lower limit appears to have a discrete bound of about 25 µm. Surprisingly, the di stribution of ∆X/ ∆ Z in both materials is nearly identical, as shown in Figure 5c . Both the existence of branch-lines and their identical and non-trivial internal structure in these highly different materials is a strong indication of the universality of these effects in dynamic fracture. The scaling and rough periodicity within the branch lines are indicative of the acquisition of inertia by the crack, since the appearance of a micro-branch immediately ahead of a preceding micro-branch tells us that the crack front now retains a "memory" of its dynamics. These inertial effects, which are not described in current (2D) theoretical descriptions of dynamic fracture, suggest that the theory may need to be significantly modified to accommodate them.
We now turn to the appearance of crack front waves on the fracture surface. As Figure 6 indicates, the characteristic tracks formed by front waves on the fracture surface, first noted in soda-lime glass 6 , are also observed in gels. As noted by Sharon et al. in [6] , the instantaneous velocity, V, of a crack front can be measured by the angle, α , inscribed by two counter-propagating front waves generated by the same perturbation. V is given by the relation 6 V=V R ·cos(α/2). Examples of counterpropagating tracks formed by front waves are shown (dotted lines) for both gels and glass in the upper panels of Figure 6 . The lower panels show the results of a comparison of the velocities obtained by measurements of the angle α, generated by micro-branch formation to directly measured front velocities. The good agreement obtained in both materials provides further evidence for the universality of front waves in dynamic fracture.
CONCLUSIONS
In summary, we have shown that many features of the dynamic fracture of polyacrylamide gels are both qualitatively and quantitatively identical with those in "real" materials. This universality of behavior indicates that these features are material independent and, therefore, characteristic of tensile fracture in brittle, amorphous materials. The inertial effects generated by broken translational invariance along the crack fronts had only previously been observed in the fracture of glass. It is significant that identical effects occur i n the fracture of polyacrylamide gels. The substantial differences in the mechanical properties of these two materials are strongly suggestive of the universality of these effects. These results indicate that current theoretical descriptions of dynamic fracture may have to be significantly modified to incorporate these "3D" effects.
An additional consequence of these experiments is that they have established polyacrylamide gels as a system whose dynamic behavior is representative of brittle fracture. We are now in the position to utilize the unique properties of these gels (e.g. the possibility of slowing down characteristic dynamic processes by nearly three orders of magnitude) to study processes, such as the structure and dynamic behavior of the process zone, that have, until now, been technically impossible to realize.
